cation, the proposed imprinting test has demonstrated much improved power in detecting gene-environment interactions than that of a test assuming the Mendelian dominant model when the true underlying genetic model is imprinting.
Introduction
Genomic imprinting is a form of epigenetic regulation in mammals in which the same allele of a gene is expressed differently according to parental origin of the allele [1] . Imprinted genes are thought to influence the development of the placenta, fetal and infant growth through affecting the maternal allocation of resources and the transfer of nutrients to the fetus and the newborn from the mother [1, 2] . Aberrant imprinting disturbs development and causes various preclinical and disease syndromes. Thus, the study of imprinting effects provides new insights into epigenetic gene modifications during development. A census of imprinted genes in 2005 suggested that approximately 41 genes in 16 chromo somal regions are imprinted in humans [ 3, 4 , ent, approximately 60 imprinted genes are known in humans, but there may be up to 1,000 imprinted genes [5] . A large number of complex diseases are known to have parent-of-origin effects, including asthma, autism, type I and type II diabetes, Alzheimer disease and schizophrenia [5] . More recently, Kong et al. [6] identified 5 single nucleotide polymorphisms (SNPs) to have parental-origin-specific associations with breast cancer, basal-cell carcinoma and type II diabetes using 38,167 Icelanders.
Traditionally, the detection of imprinted genes in complex diseases has been focused on linkage designs with pedigrees or case-parent designs with case-parent trios when parent-of-origin information is available in offspring [7] [8] [9] [10] [11] [12] [13] [14] [15] . To improve the health and well-being of children and to understand the effect of environmental influences during pregnancy and beginning of life on the growth and development of children, a number of longitudinal birth cohort designs with mother-offspring pairs have been applied in the past two decades. In most birth cohort designs, pregnant women are recruited into the study and environmental exposures during pregnancy are collected. Newborns are followed up after birth until school age for health and development information. Children's environmental exposures at the beginning of life also are collected. Usually only mothers and offspring are collected in birth cohort designs without the father, providing partial parent-of-origin information. No work has been done on the detection of main genetic imprinted effects using birth cohort designs with mother-offspring pairs. Most recently, Ainsworth et al. [16] investigated imprinting effects using affected offspring/control offspring and their mothers.
Although there is still controversy about the nature of the primary imprints, it was found that DNA methylation was a key molecular mechanism of imprinting. DNA methylation marks the imprinted genes differently in egg and sperm, and inheritance of these epigenetic marks may lead to differential gene expression [17] [18] [19] . Although the importance of genetic imprinting has been well recognized, no study to date has looked at how environmental exposures modify the effects of imprinted genes. This is especially important as the environment is known to play a key role in risks of almost all complex diseases through its profound role in determining the epigenetic alterations occurring in an individual's genome. Moreover, environmentally induced modifications to the epigenome that occur during the epigenetic reprogramming in early development tend to affect fetal growth and behavior after birth and are likely to have long-term health consequences [2, 20, 21] .
In this study, we show that the birth cohort design with mother-offspring pairs is an efficient design for testing the interactions between imprinted genes and environmental exposures. We developed a new method that uses a newly proposed maternal and paternal imprinting coding to detect how prenatal environmental exposures or environmental exposures at beginning of life modify the effect of imprinted genes on child illness, such as asthma, using birth cohort designs with mother-offspring pairs. We denote such interactions between imprinted genes and environmental exposures as igeneenvironment interactions. We proposed to choose the optimal genetic models by cross-validation procedures that minimize the prediction errors. Through extensive simulation studies and an application on childhood asthma using a birth cohort study being conducted by the Columbia Center for Children's Environmental Health (CCCEH) in New York City, we demonstrated the feasibility and power of the proposed imprinting tests using mother-offspring pairs. Although we concentrated on the interactions between imprinted genes and environmental exposures, the proposed method is readily applied to detect main effects of imprinted genes or interactions between imprinted genes with mother-offspring pairs.
Material and Methods
We assume a bi-allelic marker with a high-risk allele A and a low-risk allele a , that have frequencies p and 1 -p , respectively. Here the high-risk allele is the minor allele in the cohort. Assuming Hardy-Weinberg equilibrium (HWE) and random mating, the joint distribution of the 7 possible mother-offspring genotype combinations are displayed in table 1 . Let A m and a m be the two alleles inherited from the mother, and A f and a f be the two alleles inherited from the father. There are 4 possible imprinted genotypes in the offspring, A m A f , A m a f , A f a m , and a m a f . Without paternal genotype information, the parent-of-origin information of each offspring genotype can still be fully determined except for cases when both mother and offspring genotypes are heterozygous ( table 2 ) . In this case, imprinted genotypes in the offspring can be either A m a f or A f a m . Given that both mother and offspring genotypes are heterozygous, we can derive the probability of the father having one type of genotype as follows:
These happen to be the genotype frequencies in the general population following HWE. Note that in designs with case-parent trios, trios with both parents and the diseased child heterozygous are uninformative in terms of parent-of-origin information and are usually omitted from the analysis [7] . As a comparison, table 2 also displays offspring parent-of-origin information when both maternal and paternal genotypes are available. With mother-offspring pairs, the offspring parent-of-origin information is ambiguous when both mother and offspring genotypes are heterozygous. We deal with such mother-offspring pairs with ambiguous parent-of-offspring information in two ways and will compare their performance. In the first way to deal with ambiguous mother-offspring pairs, we partially recover parent-of-origin information by assigning each pair pseudo-paternal genotype AA with a probability p 2 , and pseudo-paternal genotype aa with a probability (1 -p ) 2 , and by omitting such mother-offspring pairs with probability 2 p (1 -p ). With pseudo-paternal genotypes AA and aa assigned for one pair, the parent-of-origin information of heterozygous offspring with a heterozygous mother can be obtained from table 2 b. In the second way to deal with ambiguous motheroffspring pairs, we simply omit such pairs. We note the possibilities of misclassifying imprinting information with partially recovered parent-of-origin information and will compare the performance of the two methods in terms of type I error rates and power.
We propose a maternal imprinting coding and a paternal imprinting coding for offspring genotype to capture the maternal or paternal imprinting effect ( table 3 ) . Maternal imprinting refers to the situation when the allele of a particular gene inherited from the mother is transcriptionally silent while the paternally inherited allele is active. Paternal imprinting is the opposite -when the paternally inherited allele is silenced while the maternally inherited allele is active. Thus, when a genetic locus is a maternally imprinted locus, we code offspring imprinted genotypes 'A m A f ' and 'A f a m ' as 1, and offspring imprinted genotypes 'A m a f ' and 'a m a f ' as 0. When a genetic locus is a paternally imprinted locus, we code offspring imprinted genotypes 'A m A f ' and 'A m a f ' as 1, and offspring imprinted genotypes 'A f a m ' and 'a m a f ' as 0. With this maternal/paternal imprinting coding, we can apply the following logistic model on offspring disease status to detect interactions between imprinted genes and environment, i.e. igene-environment interactions:
where E is the binary prenatal or postnatal environmental exposure status of the offspring; G i o i is offspring imprinting coding at the genetic locus of interest; and D o is the offspring disease status. The regression coefficient ␤ G i o ! E measures how environment modifies the genetic imprinting effect. By testing the regression coefficient ␤ G i o ! E equal to zero or not using a likelihood ratio test with 1 degree of freedom, we could test the corresponding interactions. We will compare tests assuming the maternal or paternal imprinting genetic models to the test assuming the Mendelian dominant genetic model (coding G o = 1 for offspring genotypes AA and Aa, G o = 0 for offspring genotypes aa). We propose to use the cross-validation procedure that minimizes the prediction errors to choose the best genetic model among the maternal imprinting model, the paternal imprinting model, and the dominant model. More specifically, for the purpose of training and testing, we will perform 10-fold cross-validation, splitting the motheroffspring pair samples into 10 sets of approximately equal size. We then calculate the prediction error of the disease status for each offspring. Note that the model proposed can be readily adapted 
p i s the minor allele frequency. for detection of main imprinting effects or interactions between imprinted genes using mother-offspring pairs.
In simulation settings with different parameter sets, the intercept ␤ 0 is not a free parameter, but is determined by the population prevalence of the studied outcome in the offspring cohort, pD o . This approach is similar to the procedure used in our previous work on gene-gene and gene-environment interactions [22] [23] [24] . With a prefixed population prevalence, we can obtain ␤ 0 by solving the following equation:
Population prevalence of offspring in a certain age range
where G p , G m , and G o are the genotypes of father, mother and offspring; D o is the offspring disease status; and E is the environmental exposure status of the offspring. The same logistic model is used to model offspring penetrance Pr(
Simulation Studies: Type I Error and Power
Here, using simulations with a wide range of parameter settings, we compared the performance of the proposed imprinting tests to that of the test assuming the Mendelian dominant genetic model. To simplify the presentation, we denote the proposed maternal imprinting test (i.e. using the maternal imprinting coding) with partially recovered parent-of-origin information for ambiguous pairs as mPair, and the corresponding paternal imprinting test as pPair. For the imprinting tests omitting ambiguous mother-offspring pairs, we denote the maternal imprinting test as mPair.sub and the paternal imprinting test as pPair.sub. For the test assuming the Mendelian dominant model, we denote it as Dom. As a comparison, in all simulation settings, we compare the performance of the proposed imprinting tests to detect igeneenvironment interactions with mother-offspring pairs to that of the test with parent-offspring trios (we denote the maternal imprinting test as mTrio and the paternal imprinting test as pTrio).
Simulation Parameters
To evaluate type I error rates and power, the total sample size was fixed at N = 1,000 mother-offspring pairs. The frequency of the environmental exposure was set at 0.2. Population prevalence was set at two different levels, pD o = 10 and 20%. We also considered different minor allele frequencies (MAF), p = 0.2, 0.3, and 0.4. The main offspring imprinting effect and the main environmental exposure effect were fixed at OR G i o = 1.5 and OR E = 2.0, respectively. Different levels of the offspring igene-environment interaction effects were considered,
Simulation Setup
Each simulated study consisted of N mother-offspring pairs. We first simulated N maternal genotypes and paternal genotypes based on the population allele frequencies and the assumptions of HWE and random mating. We then generated offspring genotypes based on Mendelian transmission and simulated parental genotypes. When conducting tests involving mother-offspring pairs, paternal genotypes were discarded. Environmental exposures of offspring were generated based on a binomial distribution with pre-specified proportions of exposure. Under our selected parameter settings, for a mother-offspring pair, two sets of offspring outcome status were generated, either based on the offspring penetrance when the true underlying genetic model is maternal imprinting Pr( 
The tests of interest (the proposed imprinting tests and the test assuming the Mendelian dominant genetic model) were performed using the simulated data and the procedures were repeated 1,000 times to evaluate type I error rates and power.
To evaluate the type I error rates of the proposed imprinting tests, data were generated under the null hypothesis of no interaction between imprinted genes and environmental exposure, H 0 :
. Type I error rates of the tests of interest were estimated by the proportion of times that the null hypothesis of no interaction between genetic polymorphisms and the environmental exposure was rejected. Table 4 displays the type I error rates to detect geneenvironment interactions with the proposed imprinting tests and the test assuming the Mendelian dominant genetic model when the true underlying disease model is either the maternal imprinting genetic model or the paternal imprinting genetic model. We considered different MAF and population prevalence. In all scenarios, the nominal type I error rate 0.05 was well controlled for all tests examined. Table 5 displays power to detect gene-environment interactions with different simulation parameter settings when the true underlying disease model is either maternal imprinting or paternal imprinting. The power results were also plotted in figure 1 for better visualization. Table 6 shows the corresponding cross-validation results.
Results

Type I Error
Power
It is clear that when the true underlying genetic model is either maternal imprinting or paternal imprinting, the proposed imprinting tests using mother-offspring pairs that assume the correct imprinting effect consistently have increased power compared to the test assuming the Mendelian dominant genetic model on all scenarios considered ( fig. 1 ). The power improvement is bigger when the true underlying genetic model is maternal imprinting rather than paternal imprinting and the power patterns differ depending on the true disease imprinting model and parameter settings.
When the true underlying disease model is maternal imprinting and the imprinting tests agree with the true model, tests using mother-offspring pairs have similar power to tests using parent-offspring trios when MAF is small. More specifically, compared to the mTrio test, the power loss of the mPair and mPair.sub tests is only about 1-2%. For example, when population prevalence is 20%, environmental exposure is 20%, MAF is 0.2, and the true underlying disease model is maternal imprinting, to detect an interaction of OR G i o ! E = 3, mTrio test gives 62% power, mPair test gives 59% power, mPair.sub test gives 60% power, while Dom test gives only 39% power. When MAF is 0.4, the power loss increases to about 10-20% of the power of the mTrio test. For example, when population prevalence is 10%, environmental exposure is 20%, and MAF is 0.4, to detect an interaction of OR G i o ! E = 3, mTrio test gives 41% power, mPair test gives 34% power, mPair.sub test gives 36% power, while Dom test gives only 19% power. This is expected as the percentage of heterozygous mother-offspring pairs increases as MAF increases. The power difference between the mPair test with partially recovered parent-of-origin information for heterozygous mother-offspring pairs and the mPair.sub test omitting such pairs can almost be neglected in all scenarios, with the mPair.sub test actually having slightly higher power than the mPair test when MAF is large. This is also expected because when MAF is large, the percentage of heterozygous paternal genotype is also large among those heterozygous mother-offspring pairs. Thus not much parent-of-origin information can be recovered and at the same time, some misclassification is possible ( table 5 and fig. 1 ).
Cross-validation results suggest that among the 1,000 simulations, the majority of time the correct genetic model was chosen ( table 6 ). Table 6 displays the number of times a model was chosen because of having the smallest mean prediction errors among the 5 models out of the 1,000 simulations. As expected, the correctly chosen percentage increases as the effect size of the igene-environment interaction increases. However, caution needs to be taken with applying the proposed method to detect interactions between the paternal imprinting effect and environment when the igene-environment interaction effect is small and MAF is low. For example, when population prevalence is 10%, MAF is 0.2, OR G i o ! E = 1.5, and the underlying genetic model is paternal imprinting, 47.6% of the simulations chose the wrong genetic model. When the effect of the igene-environment interaction is modest to large, more than 90% of the simulations chose the correct genetic model to detect interactions between the maternal imprinting effect and environment. We also notice that in all simulation scenarios considered, the cross-val- 3, and 0.4; and environment exposure was set at 20%. The total sample size was fixed at N = 1,000 mother-offspring pairs. The simulation procedure was repeated 1,000 times.
I m = Scenarios when the underlying true disease model is maternal imprinting; Ip = scenarios when the underlying true disease model is paternal imprinting. idation procedures did not choose the dominant genetic model a single time; neither did they choose the imprinting methods with partially recovered parent-of-origin information. The reason that the mPair and pPair tests were not chosen might be due to the possible misclassification in recovered parent-of-origin information, which may lead to bigger prediction errors. Moreover, because the mean prediction errors of all tests are very small and close to each other, small increases in the individual prediction errors of those heterozygous offspring with heterozygous mothers may result in a much more prominent change in rankings of the 5 mean prediction errors.
When the true underlying disease model is paternal imprinting and the imprinting tests agree with the true model, the proposed pPair and pPair.sub tests with mother-offspring pairs lose about 20% of the power of the pTrio test with parent-offspring trios in all scenarios considered. As no paternal genotype information is available for mother-offspring pairs, it is expected that pPair or pPair.sub tests under the parental imprinting model would have lower power than that of mPair or mPair.sub tests under the maternal imprinting model. Comparisons between the power of the pPair test and the pPair.sub test suggests that partially recovering parent-of-origin infor- Pop . prev. (population prevalence) was set at pD o = 0.1 and 0.2; MAF was set at 0.2, 0.3, and 0.4; and environment exposure was set at 20%. The total sample size was fixed at N = 1,000 mother-offspring pairs. The simulation procedure was repeated 1,000 times.
I m = Scenarios when the underlying true disease model is maternal imprinting; Ip = scenarios when the underlying true disease model is paternal imprinting. mation can improve power when MAF is small ( table 5  and fig. 1 ). We observed similar patterns of the results from the cross-validation procedures, although the percentage of choosing the correct genetic model is not as high as in cases when the underlying true genetic model is maternal imprinting ( table 6 ) .
When the imprinting tests do not agree with the true underlying imprinting model, i.e. when the true underlying disease model is maternal imprinting but the imprinting tests assume paternal imprinting or vise versa, no imprinting tests (m/pTrio, m/pPair, and m/pPair.sub) have any power. However, the test assuming the Mendelian dominant genetic model has some power ( table 5 ) .
We also conducted simulation studies with other frequencies of the environmental exposure such as 30 and 40%. Similar patterns in power results and cross-validation results are observed (data not shown).
Real Data Application
The proposed method was applied to detect gene-environment interactions in childhood asthma using the mother-offspring pair data from the birth cohort study currently being conducted by CCCEH in New York City. Eligible pregnant women entered the study at the beginning stage of their pregnancy.
During the 2nd or 3rd trimesters, the women carried a backpack containing a portable personal exposure air monitor during the day and kept it near the bed at night during a consecutive 48-hour period for polycyclic aromatic hydrocarbons (PAH) measurements, a widespread class of combustion-related pollutants commonly found in the air, food, and drinking water [25] . PAH bind covalently to DNA to form PAH-DNA adducts, a widely used indicator of DNA damage that has been associated with cancer [26] [27] [28] [29] . Higher levels of cord PAH-DNA adducts have been associated with reduced scores on neurocognitive tests, alone or in combination of environmental tobacco smoke [30] [31] [32] . PAH-DNA adduct levels were measured in umbilical cord blood collected during delivery [33] using the method of Alexandrov et al. [34] , which has a coefficient of variation of 12% and a lower limit of detection of 0.25 adducts per 10 8 nucleotides. Here we treated PAH-DNA adducts as a biomarker of exposure of PAH. Adducts were dichotomized into detectable/non-detectable, with the non-detectable rate being 30% in this cohort.
Childhood asthma was measured using a parental report of doctor-diagnosed asthma according to the validated Brief Respiratory Questionnaire [35] during a follow-up visit when the children were between 5 to 6 years old. As this is an ongoing study and not all children had turned 5 or 6, we use this data set to illustrate the feasibility and power of the proposed imprinting tests. In this subset, about 30% of the children have doctor-diagnosed asthma status at ages 5 or 6.
We selected 22 common genetic polymorphisms from candidate genes that play important roles in the metabolic activation and detoxification of PAH, and from candidate genes that are known to be related to the allergic immune system ( table 7 ) . None of the 22 SNPs tested are on the regions known to be imprinted for asthma. No multiple comparison adjustment was conducted as the purpose of the real data application is to demonstrate the feasibility and power of the proposed imprinting tests. Findings from this real data application need to be replicated with an independent study. The data set consists of 171 mother-offspring pairs that have a complete report of childhood asthma status and cord adduct levels. The actual sample size used for each test at each marker differs, as we observed different numbers of mother-offspring pairs with both heterozygous genotypes at different markers. Table 8 In terms of the cross-validation results, in the majority of cases, tests or category of tests (i.e. mPair and mPair.sub tests as one category, or pPair and pPair.sub tests as one category) that have the smallest mean prediction errors from the cross-validation procedures also have the smallest p values. Another observation from the cross-validation results is that tests omitting mother-offspring pairs both with heterozygous genotypes tend to have smaller prediction errors than tests using partially recovered parent-of-origin information, consistent with the simulation results. Again, this is probably due to the possibility of misclassifying imprinting information, although both tests preserve the correct type I error rates. For example, at markers CYP1B1-05 and CYP1B1-06 , mPair.sub test has the smallest prediction errors among all 5 tests, mPair.sub test has the smallest p values, 0.071 and 0.091, respectively. Another example, at marker CYP1A1-78 , pPair.sub test has the smallest prediction error among all 5 tests, and pPair test has the smallest p value of 0.098, that is slightly more significant than pPair.sub (second smallest p value = 0.111). We also note that for some markers, crossvalidation results do not match with the p value results. For example, at marker IL13-01 , mPair.sub test has the smallest prediction error among all 5 tests, but pPair test has the smallest p value of 0.042. This observation might be due to the small sample size, thus parameter estimates have a big variance in the cross-validation procedures.
Our simulation studies with a much larger sample size have suggested that the cross-validation procedures picked the correct genetic model most of the time in all parameter scenarios examined ( table 6 ), although the second way of dealing with the heterozygous motheroffspring pairs (simply omitting them) is always preferred.
Discussion
In this study, we proposed an imprinting test with a newly proposed imprinting coding to detect interactions between environmental exposures and imprinted genes using mother-offspring pairs. Through extensive simulation studies, we showed that the birth cohort design with mother-offspring pairs is an efficient design for testing the interactions between imprinted genes and environmental exposures.
We observed that with mother-offspring pairs, the parent-of-origin information of each offspring can still be fully determined, except for the cases when both mother and offspring genotypes are heterozygous. In such a case, offspring imprinted genotypes can be either A m a f or A f a m , i.e. the parent-of-origin information is ambiguous. We proposed two ways to deal with such ambiguous pairs, partially recovering parent-of-origin information or omitting such mother-offspring pairs, and compared their performance. The proposed imprinting tests mPair/pPair, and mPair.sub/pPair.sub, from both ways, respectively, correctly preserved the type I error rate, with the first way that partially recovers the parentof-origin information being slightly more powerful in some scenarios. However, the second way of dealing with the heterozygous mother-offspring pairs (simply omitting them) is always preferred by the cross-validation procedures, as it leads to smaller mean prediction errors in all simulation scenarios. This might be due to the possibilities of misclassifying imprinting information when partially recovering parent-of-origin information. Thus, in real data analyses, we may simply omit heterozygous mother-offspring pairs.
The simulation results demonstrated the feasibility and power of the proposed imprinting tests over the test that assumes the Mendelian dominant genetic model. When the true underlying genetic model is either maternal imprinting or paternal imprinting, the proposed imprinting tests with mother-offspring pairs that assume the correct imprinting effect consistently have much higher power than the test assuming the Mendelian dominant genetic model. The power improvement is bigger when the true underlying genetic model is maternal imprinting rather than paternal imprinting. Also, when the true underlying disease model is maternal imprinting and the imprinting tests agree with the true model, imprinting tests using mother-offspring pairs has similar power to those using parent-offspring trios. When the true underlying disease model is paternal imprinting and the imprinting tests agree with the true model, imprinting tests using mother-offspring pairs lose about 20% of the power of the tests using parent-offspring trios.
In the application of our proposed methods to the questionnaire data on clinical childhood asthma, we successfully identified four markers that significantly inter- act with the environmental exposure at the 0.1 significance level. In the majority of cases, tests or category of tests that have the smallest mean prediction errors from the cross-validation procedures also have the smallest p values. In this study, we concentrated only on the interactions between a single marker and an environmental exposure. Although both our simulation studies and the real data application suggested that omitting mother-offspring pairs with both heterozygous genotypes might be more preferred than partially recovering parent-of-origin information for such pairs, we may be able to recover better parent-of-origin information for mother-offspring pairs with both heterozygous genotypes if we could borrow parent-of-origin information from adjacent markers. We plan to explore this further as our future project.
